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Nucleoside Phosphates. 7. 

Temperature-jump kinetic measurements were carried out a t  15 OC and I = 0.1 in Ni2+ solutions of inorganic, ribose, and 
cytidine monophosphates. Relaxation times in the 10-4-s time range showed a very strong pH as well as concentration 
dependence. The results were consistent with a complexation mechanism involving protonated (HL-) and unprotonated 
(L2-) ligands. Rate constants for the reactions of NiZ+ with L2- and HL- were about 1.5 X lo5 M-I s-l and 3.2 X lo4 M-' 
s-', respectively, for all three systems. Ligand penetration rate constants were approximately equal to the Ni2+ solvent-exchange 
rate a t  that temperature. 

I n  previous papers1V2 i n  this  series, we  reported on t h e  ki- 
net ics  of inorganic  and nucleoside di- and tr iphosphate  in- 
teractions with Ni2+ and Mg2+. For these two metal  ions and 
the inorganic phosphates, a mechanism was found that involved 
meta l  complexes with the monoprotonated as well as the un- 
protonated ligand. For the metal ion-nucleotide systems, the 
relaxation spectra included kinetic pathways involving the 
formation of 2: 1 complexes such as Mg2-ATP and Ni2-ATP. 
In all cases, the complexation steps were consistent with t h e  
Eigen-Tamm mechanism wherein the rate-determining step 
is the expulsion of one or more water molecules from the inner 
coordinat ion sphere  of the meta l  ion. 

We now turn our attention to the corresponding mono- 
phosphate systems, including inorganic  phosphate, ribose 
phosphate ,  a n d  nucleotides. Although transition metal  ions 
such as Ni2+ can interact with the nitrogens in the nucleoside 
portion of the  molecule, the principal interaction occurs with 
t h e  phosphate group. As a consequence, i t  will be useful to 
characterize the kinetics of t h e  phosphate interactions alone 
before carrying out kinetic studies with the nucleotides. CMP 
is included in  the present report because of its similarity in  
behavior to t h e  phosphates. T h e  only prior work in Ni2+- 
monophosphate  kinetics is that reported some years ago by 
Brintzinger and Hammes3 on the Ni-methyl phosphate system. 
T h e  kinetic profiles for the adenine nucleotides are considerably 
more complicated. These systems are reported in the following 
paper .4 

Experimental Section 
Materials. Ribose phosphate (RibP) and cytidine phosphate 

(5'-CMP) were purchased from Sigma. HP04" was prepared from 
either KH2P04 (Matheson Coleman and Bell) or reagent phosphoric 
acid (Fisher). All solutions were prepared daily. Stock solutions of 
Ni2+ were prepared from reagent grade nitrate (Baker) and stand- 
ardized by EDTA titration. 

Methods. All kinetic experiments were carried out a t  15 OC and 
I = 0.1 M (KN03)  on a temperature-jump spectrometer5 (Messan- 
lagan Studiengesellschaft). A precooled solution was placed in the 
T-jump cell and equilibrated at  the initial temperature (10 "C) in 
the T-jump apparatus. The kinetic experiment was carried out by 
discharging 35 kV through the system, thus raising the temperature 
to 15 OC. The relaxation effect, monitored by changes in transmittance 
of a pH indicator (chlorophenol red, pKI, = 6.0), was stored on a 
Biomation 802 transient recorder, displayed on an oscilloscope screen, 
and analyzed for the relaxation time. At least two T-jump deter- 

(1) Paper 6: C. M. Frey and J .  E. Stuehr, J .  Am. Chem. SOC., 100, 139 
(1978). 

(2) C. M. Frey, J. Banyasz, and J. E. Stuehr, J .  Am. Chem. SOC., 94, 9198 
(1 972). 

(3) H. Brintzinger and G. G. Hammes, Znorg. Chem., 5,  1286 (1966). 
(4) J. C. Thomas, C. M. Frey, and J. E. Stuehr, Inorg. Chem., following 

paper in this issue. 
(5) M. Eigen and L. de Maeyer, Tech. Urg. Chem., 8, 895 (1963). 

Table I. Stability Constants and pK, Values for the 
Monophosphatesa 

PKa z 
protonated (phos- 

ligand pKa, phate) complex K M L  K k l m e  

H,(IZlbP) 1.4' 6.22 Ni-RibP 80 5 
H, (Pi) 2.OC 6.79 Ni-Pi 100 3 
H,(S'-CMP) 4.52d 6.27 NI-~'-CMP 80 3 

a At 15 " C  and2 = 0.1 (KNO,); from ref 7 unless otherwise in- 

Nucleoside base ionization. e This work. 
dicated. L = HPO,, HL = H,PO,. Phosphate ionization. 

minations were carried out for each solution. The pH of the test 
solution was measured, in a vessel thermostated at 15 OC, by a Coming 
semimicro combination electrode in conjunction with a Corning 101 
digital electrometer. The pH was adjusted by adding 1 or 0.1 M KOH 
or H N 0 3  solution from a 50-pL syringe. 

to 2 X M, and the 1igand:metal ratio was near unity in most cases. 
The concentration of the indicator was ca. 4 X 1O-j M. Reactions 
were followed at 530-570 nm, depending on the pH and concentration 
of the solution studied. Blank solutions, consisting of metal and 
indicator or ligand and indicator, displayed only rapid proton-transfer 
effects. Slight variations in ionic strength due to varying amounts 
of reactant ions did not cause significant changes in the kinetic effects. 

pK, values and stability constants for the NiL and NiHL (MHL) 
systems were determined by potentiometric titration, as described 
earlier? Results were analyzed by a nonlinear regression procedure?b 
The pKa2 for inorganic phosphate was somewhat higher than those 
for the ribose phosphate and C M P  systems. Stability constants for 
complexes formed with Ni2+ were very similar among the three systems 
and probably were the same within experimental error. 

Treatment of Data. Relaxation times were determined either from 
log amplitude vs. time plots or by matching the experimental traces 
with a series of standard relaxation curves of known T values on 
transparent overlays. Either procedure enabled us to determine 
relaxation times to a precision of 5% or better. Table I lists equilibrium 
constants for the systems studied. These values, together with the 
overall metal ion and ligand concentrations and the pH, were used 
to calculate equilibrium concentrations of the species present. 

The evaluation of K,, the outer-sphere equilibrium constant shown 
in reaction B, has been described else where.'^* For our experimental 
conditions we estimate K,  to be 10 M-' for a 2:2 charge interaction 
and K, = 2 M-' for a 2:l charge interaction. 
Results 

Kinetic d a t a  for the systems Ni(II)-HP04,  Ni(II)-RiP04,  
a n d  Ni(II)-5'-CMP were obtained at 15  "C in 0.1 M KN03 
over the p H  range 5.0-6.8. Several concentrations were used 

The concentrations of ligand and metal ion ranged from 3 X 

(6) (a) T. N. Briggs and J. E. Stuehr, Anal. Chem., 47, 1916 (1975); (b) 
T. Briggs, Ph.D. Thesis, Case Western Reserve University, 1976. 

(7) C. M. Frey and J. E. Stuehr, J .  Am.  Chem. SOC., 94, 8898 (1972). 
(8) C. M. Frey and J. E. Stuehr in "Metal Ions in Biological System", Vol. 

I ,  H. Sigel, Ed., Marcel Dekker, New York, 1974, p 51. 
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Figure 1. Concentration and pH dependence of the relaxation time 
for the Ni-RibP and -CMP systems. Solid lines are calculated from 
eq 1 with the constants in Table 111, and the Ni-CMP system is 
designated by the following: 0, El, V, V. 
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Figure 2. Concentration and pH dependence of the relaxation time 
for the Ni-Pi system. Solid lines are calculated from eq 1 with the 
constants in Table 111. 

a t  each pH. A single relaxation effect, in the region of ca. 
0.1 ms, was observed (in addition to the rapid proton transfer 
effects, which were not studied in detail). The relaxation times 
were found to be both concentration and pH dependent (Table 
I1 and Figures 1 and 2). The pH dependence is much stronger 
than that predicted for an association mechanism involving 

Table 11. Kinetic Data for Various Nickel Phosphate Systems' 
1 0 z [ M n l ,  M 102[LD], M pHb r - ' ,  s-' 

2.0 

1.2 

1.0 

0.84 

0.60 

0.30 

1.202 
1.20 

1.02 
0.80 
0.64 
0.75 

0.928 
0.496 
1.00 

1.50 

1. Ni-RibP 
2.0 6.79 

6.36 
5.86 
5.45 
5.04 

1.2 6.85 
6.37 
5.85 
5.45 
5.06 

0.98 6.8 1 
6.31 
5.87 
5.45 
5.08 

0.84 6.79 
6.33 
5.86 
5.46 
5.06 

0.60 6.79 
6.34 
5.86 
5.45 
5.07 

0.30 6.35 
5.86 
5.45 
5.07 

2. Ni-Pi 
2.91 5.88 
1.16 6.35 

5.85 
5.46 
5.08 

1.0 5.98 
1.01 5.96 
0.81 6.00 
0.754 5.08 

5.46 
5.85 
6.35 

3. Ni-5'-CMP 
1.84 6.12 
0.491 6.46 
0.803 6.78 

6.35 
5.85 
5.45 

1.50 6.81 
6.35 
5.84 
5.50 

4440 
5260 
5800 
6250 
7690 
3510 
4040 
4650 
5560 
6150 
3180 
3850 
4440 
4760 
5710 
2980 
3510 
4040 
4350 
5400 
2940 
3390 
3920 
4260 
5260 
3030 
3570 
3760 
4350 

6670 
5560 
6900 
8500 

11100 
5500 
5460 
4860 

10500 
7690 
6350 
5000 

5180 
3120 
3390 
4080 
4650 
5260 
4050 
4440 
5560 
6140 

a At  15 " C , Z =  0.1 M KNO,.  pHvalucs  were convcrtcd to  
CH by Y H =  0.83. 

Scheme I 
H H 

M + L + e- klZ ML + 

H + I n  = HIn 

solely the free ligand L. In fact, the dependence of 117 upon 
pH (Figures 1 and 2) goes in the wrong direction for such a 
mechanism: the 7-l values are higher at  lower pH. This 
behavior is suggestive of, and can be quantitatively accounted 
for by, the addition of a parallel reaction pathway M + H L  



Kinetics of Ni2+-Phosphate Systems 

Table 111. Summary of  Rate Constants for Ni-Monophosphate 
Interactions' 
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(Figure 3). The rate constants calculated by the graphical 
method are in good agreement with those obtained from the 
minimization procedure, as can be seen by comparison of 
Figure 3 and Table 111. Both methods were used for each 
system in this study; the regression method is statistically 
superior, while the graphical procedure is easier to visualize. 

Ni-RibP. The kinetics of Ni(II)-5'-RibP were studied at 
five different pH values: 5.06, 5.45, 5.85, 6.35, 6.80. The 
overall Ni(I1) and RibP concentrations ranged from 3 X loT3 
to 2 X M with the [Mo]:[Lo] ratio near unity. Under 
comparable conditions, our 1 /7 values for similar concentra- 
tions and pH are in agreement with the values obtained by 
Brintzinger and Hammes3 for the Ni-MeP04 interaction, 
when one takes into account the difference in temperature 
between the two studies. Quantitative comparisons are difficult 
because the concentrations used in their work were much 
higher and because they did not carry out a pH dependence 
of the relaxation time. (1 + y)/7 values for RibP are plotted 
against f(C) in Figure 1. As can be seen in the graph, (1 + 
y)/7 varies linearly with f(C) at any single pH and increases 
as the pH decreases as predicted for Scheme I. The k12, k12/ 
values for this system that best describe the data at all the pH 
values, obtained from the computer minimization procedure, 
are (1.40 f 0.03) X lo5 and (3.30 f 0.10) X lo4 M-'s-I, 
respectively. 

Ni-Pi. The kinetic behavior of the Ni-P, system was found 
to parallel that of Ni(I1)-RibP, with 7-1 values higher at lower 
pH. At the same [Mol, [LO], and pH, 7-1 values for Ni-P, 
are about 5Wo higher than those for Ni-RibP. The data can 
be fitted to eq 1, and kI2, k12/ obtained by the same computer 
fitting procedure are (1.8 1 f 0.16) X 1 Os and (3.3 1 f 0.15) 
X lo4 M-' s-l. It is obvious that 7-I for Ni-Pi should be higher 
than Ni-RibP at the same f(C) and pH, since the constant 
KA is 4 times that of RibP. In an earlier report,* before the 
strong pH dependence of 7-l was observed, we were hard 
pressed to offer an explanation for the difference between RibP 
and Pi. The kinetic data for this system are shown in Table 
11, and the results are plotted in Figure 2. 

Ni-5'-CMP. The kinetics of Ni(I1) complexation with this 
nucleotide are included in this report due to similarities with 
the ribose phosphate system. The stability constant of 5'- 
CMP-Ni(I1) is identical with that of Ni(I1)-RibP (Table I), 
and its kinetic results also coincide with those of Ni(I1)-RibP. 
The kinetic data are shown in Table 11. The 7-l values can 
be reproduced from eq 1 by using the same kI2, k12/ values 
as RibP, within experimental error. k12, k12/ obtained by 
analyzing the data in terms of eq 1 are shown in Table 111. 
Discussion 

Rate constants obtained for the three systems are summa- 
rized in Table 111. In addition, we have calculated klp values 
for the two-step ligand substitution mechanism generally 
recognized for Ni(I1) complexe~:~-~ '  

KC4 k 
Ni + L = Ni.0H2.L & Ni-L (A) 

kobsd = KO&$ (3) 
for which 

where kobsd would be equivalent to our kI2 and k12) for the L 
and HL pathways. Values of KO, used in calculating k!, are 
10 and 2 for L2- and HL- reactions, respectively, as mentioned 
earlier. Values of k,, calculated for the three ligands, both 
L2- and HL-, all agree with the water-exchange rate constant'* 

ligand 
constant RibP Pi 5'-CMP 

1 0 - 5 k , 2 i b  M - '  SKI 1.40 t 0.03 1.81 i 0.16 1.40 f 0.20 
1 0 - 4 k , , , b M - ' s - l  3 .30 i0 .10  3.31 10 .15  3 .16 i0 .97  

s - l  1.75 i 0.04 1.81 i 0.16 1.75 f 0.25 
S K I  6 . 6 i 0 . 2  1 1 k 0 . 5  l o t 3  

10 - 4  k,, 1.4 1.8 1.4 
10 - 4 k l p ' C  1.6 1.6 1.6 

' At 15 "C and 0.1 M KNO,. bValues obtained from minimi- 
zation procedure. Calculated from the relationship kobsd = , 

Ko,kl,. At 15 " C  and I =  0.1 M KNO,, KO,  = 2 M- '  for 
the 2:2 and 2:1 charge interactions, respectively. 

+ MHL to the pathway M + L + ML, where HL is the 
protonated ligand. (For the inorganic phosphate L = HPOd2-, 
H L  = H2P04-.) This mechanism is shown as Scheme I. The 
rapid proton transfer reactions involving HL, HIn, and MLH 
are treated as preequilibria. For the parallel slow steps, 
designated by the arrows, there is a single relaxation time given 
by 

where 

P =  

y =  

KA[H] [1 + KB([H] 
1 + K A ( [ L ] / ( ~  + a ) )  KB(H + [ML1/(1 a) )  
KB[H] [1 KA([H] ([ML] + [L1)/(1 a))]  

1 4- KA([L] / (~  + a )  + [HI) -k KB[ML] / (~  

([ML] + [L1)/(1 -k a))]  

a )  
a = [Inl/([Hl + Kin) 

KB = [MHLI / [MLI [HI 
KA = [HLI/[HI[Ll 
KI, = [In1 [HI / [HInI 

The expression for 7-I, eq 1, involves rate constants for the 
two pathways. Let us define the effective forward rate constant 

(2) 
At a single pH the value of klf  is constant, and a plot of 7-1 

(1 + y) vs. ( [M]/( l  + P )  + L)(1 + y) = f(C) will generate 
a family of straight lines with different slopes, increasing as 
the pH decreases, as shown in Figures 1 and 2. The intercepts 
of these plots are the effective reverse rate constants kl, (kir 
= kll + k2"KB[H]) at the corresponding pH values. 

The term f(C) is a function of equilibrium constants and 
equilibrium concentrations, which are either known or can be 
calculated. The terms P and y are numerically very similar 
and range from 0.03 at high pH to 2.5 at the lowest pH. The 
small values of /3 and y above pH 6.3 correspond to the virtual 
disappearance of the protonated pathway above that pH. KB 
is given by the identity KB (K12//KI2)KA. As a consequence, 
only the two rate constants k12 and k12/ remain to be deter- 
mined. Best fit values of those constants and their standard 
deviations were obtained from a least-squares minimization 
analysis of all the data points via eq 1. The results are shown 
in Table 111. The solid lines in Figures 1 and 2 were calculated 
with these constants. 

Alternatively, the kI2  and k12/ values can be evaluated by 
a graphical procedure. The experimental data at different pH 
values were treated separately; klf  values for each pH were 
obtained from the slopes of (1 + y/7 vs. f(C) plots (Figures 
1 and 2). By plotting these klf values against KA[H], we can 
obtain k12 and k12/ from the intercept and slope, respectively 

kif: 
klf = k12 + kliKAIHl 

(9) M. Eigen and K. Tamm, 2. Elektrochem., 64, 93, 107 (1962). 
(10) M. Eigen and R. G. Wilkins, Adv Chem. Ser., No. 49, 5 5  (1965). 
(11) K. Kustin and J. Swinehart, Prog. Znorg. Chem., 13, 107 (1969). 
(12) (a) T. J. Swift and R. E. Connick, J.  Chem. Phys., 37,307 (1962); (b) 

see also J. W. Neeley and R. E. Connick, J .  Am. Chem. SOC., 94, 3419 
(1972). 
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bound complexes have been shown to exist between Ni(I1) with 
other nucleotides,2 the N3 nitrogen in 5’-CMP apparently does 
not interact with Ni(II), probably for steric reasons. That 
Ni(I1) binds with 5’-CMP only at the phosphate position is 
also reflected in its binding constant KML (80 M), which is 
the same as that for Ni-RibP. 

The reverse rate constants k21,  kzi’ are an indication of the 
bond strength. The similarity of k21, k21’ values among the 
systems is further evidence of the bond being of the same type, 
Le., Ni-0 interaction. The agreement of the 5’-CMP values 
with the other two phosphates again shows the noninvolvement 
of the cytosine group in the complex formation. The higher 
value of kzl’ compared to kZ1 (over fivefold) reflects the in- 
creased bond strength for the more highly charged species and 
suggests the possibility of chelation in the deprotonated ligand 
L2-. 

The relatively precise results obtained for the Ni(I1)-RibP 
system can be utilized to estimate the forward rate constants 
for phosphate interactions in other Ni(I1)-mononucleotide 
systems. At any pH k1f can be predicted from the equation 
k l f  = (1.40 X IO5) + (3.3 X 104)KA[H+] (cf. Figure 3). If 
the pH is kept sufficiently high (&[HI C 0.5) the second term 
becomes negligible and only the L2- pathway is observed. Due 
to solubility and other experimental limitations, one often has 
to carry out measurements at a lower pH, and the second term 
involving the HL- pathway has to be included. 

In conclusion, we have shown that Ni(I1) binds both the 
monoprotonated and deprotonated phosphate groups of the 
ortho, 5’-ribose, and cytidine monophosphates, via the disso- 
ciative mechanism common to octahedral metal ions. The 
cytidine ring appears to exert no effect on the binding of Ni2+ 
to CMP. 
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Figure 3. Dependence of the apparent rate constant, eq 2, on the 
hydrogen ion concentration for the Ni-RibP, -PI, and -CMP systems. 

for Ni(I1) under these conditions. This is strong evidence that 
Scheme I is indeed the correct one. 

The values for k 1 2  and k1;  for the three systems are the 
same within experimental error. Since the only possible 
binding sites for orthophosphate or ribose phosphate are the 
phosphate oxygens, the results indicate that 5’-CMP, despite 
the presence of the basic nitrogen in its cytosine group, in- 
teracts with Ni(I1) through the phosphate group only.13 This 
result is contrary to what has been observed for Ni(I1) in- 
teractions with the adenine  nucleotide^.^^-'^ Though back- 

(13) C. M. Frey and J. E. Stuehr, J .  Am. Chem. SOC., 100, 134 (1978). 
(14) R. Phillips, Chem. Rea., 66, 501 (1966). 
(15) R. M. Izatt, J .  J. Christensen, and J. H. Rytting, Chem. Reu., 71, 439 

(1971). 




